The teneurins are a family of four transmembrane proteins expressed in the developing vertebrate nervous system, though the Drosophila teneurin ten-m is also a pair-rule gene. Whole-mount in situ hybridization was used to localize teneurin-4 transcripts in the chicken embryo. The earliest signal is detected at stage 19 in the somites and limb buds. By stage 20 teneurin-4 transcripts are detected in temporal periocular mesenchyme, branchial arches, diencephalon and somites. Teneurin-4 expression in the limbs changes dramatically during development. Between stages 19 and 21 teneurin-4 expression is concentrated proximally in the zone of polarizing activity. Between stages 24 and 26 teneurin-4 is expressed in the mesenchyme of the anterodistal part of the limb. As in Drosophila, vertebrate teneurins are expressed not only in the nervous system, but also in non-neuronal tissues during pattern formation. q
Introduction and results
The teneurins are a family of closely related type II transmembrane proteins. Each teneurin has a cytoplasmic domain and an extracellular domain with seven or eight tenascin-type EGF-like repeats and 26 YD repeats similar to the repeats found in the rhs elements of Escherichia coli (Minet et al., 1999) . Teneurins were ®rst discovered in Drosophila, where they are called Ten-m and Ten-a (Baumgartner and Chiquet-Ehrismann, 1993; Baumgartner et al., 1994) or odd oz (Levine et al., 1994 (Levine et al., , 1997 . They have since been identi®ed in zebra®sh (Mieda et al., 1999) , mice (Wang et al., 1998; Oohashi et al., 1999; Ben-Zur et al., 2000) , rat (Otaki and Firestein, 1999) and man (Minet et al., 1999) . Teneurin-1 and -2 are prominently expressed in the developing avian visual system (Minet et al., 1999; Rubin et al., 1999) . In Drosophila the teneurin ten-m is expressed both in the nervous system and in the oddnumbered parasegments, where it has been shown to be a pair-rule gene and an upstream regulator of gooseberry, engrailed and wingless (Baumgartner et al., 1994) .
We cloned avian cDNAs encoding a 278-amino acid sequence using polymerase-chain reaction (PCR) primers based on murine ten-m4/DOC4 (Wang et al., 1998; Oohashi et al., 1999) sequences. Alignment of this sequence with other known teneurin sequences revealed the greatest sequence identity with the human protein KIAA1302, mouse ten-m4/DOC4 and zebra®sh ten-m4 (Fig. 1) . In keeping with our previously established nomenclature (Minet et al., 1999; Rubin et al., 1999) we call this sequence teneurin-4.
A digoxigenin-labeled cRNA probe was used to determine sites of teneurin-4 expression during embryonic development by whole-mount in situ hybridization. The studies of teneurin-4 expression in other species have emphasized its expression in the developing central nervous system, especially at the midbrain-hindbrain junction (Wang et al., 1998; Mieda et al., 1999; Ben-Zur et al., 2000) . We also observed a faint labeling of this region at stages 26 and 32 (Hamburger and Hamilton, 1992 ; results not shown). Here we report the expression of teneurin-4 at earlier stages of development in non-neuronal tissues. No signal was detected in embryos before stage 19. At stage 19, and more prominently at stage 20 ( Fig. 2A) , teneurin-4 transcripts were detected in the zones of polarizing activity (ZPA; Figs. 2A, D and 3A, B) as well as in the branchial arches, cells lining the intersomitic clefts, the diencephalon and in periocular mesenchyme at the temporal (caudal) margin of the eye. At stage 21 (Fig. 2B ) the hybridization signal in the wing bud was limited to the ZPA, but in the leg bud a second patch of expression was seen in the anteroproximal part of the limb. The hybridization signal was also (00)00444-5 www.elsevier.com/locate/modo more intense along the caudal margin of the eye and in the epithelia of the ®rst and second branchial clefts (Fig. 3G) .
At stage 24 ( Fig. 2C ) teneurin-4 transcripts were found in the mesenchyme dorsal to the dorsomedial lip of the somites (Fig. 3E ), in the nasal (rostral) and temporal periocular mesenchyme (Figs. 2C and 3F) , and in the ectoderm and mesenchyme of parts of the ®rst, second and third branchial arches (Fig. 3H ). The hybridization signal in the proximal limbs persisted, and a second patch of expression in the mesenchyme of the anterodistal border of each limb was observed (Figs. 2C, E and 3C, D) .
At stage 26 most of the hybridization signal with the teneurin-4 probe was seen in the developing limbs. The strong signal at the anterior border of the distal hindlimb is shown in Fig. 2F ,G. Teneurin-4 transcripts were also detected in a small patch in the ventral part of the distal hindlimb ( Fig. 2G ) and in two small irregular patches in the anteroproximal part of the hindlimb (Fig. 2F) . Similar patterns were seen in the developing wings (not shown). Note that a control probe to teneurin-1 (Minet et al., 1999) did not hybridize in the limb buds or limbs between stages 19 and 30 (e.g. Fig. 2H ), though it did hybridize within the central nervous system (not shown; Minet et al., 1999) . Sense control probes did not generate any signal in the branchial arches, somite or limb buds at any stages examined (e.g. Fig. 2I ). Note that controls treated with antibody alone, as well as the embryos incubated with sense and teneurin-1 control probes, often had alkaline phosphatase Fig. 1 . The partial sequence of chicken teneurin-4 (cten4) is aligned with corresponding sequences from human (KIAA1302; GenBank accession number BAA92540), mouse (mten-m4, GenBank accession number BAA77399) and zebra®sh (zten-m4, GenBank accession number BAA81893). The sequence of chicken teneurin-1 (cten1, GenBank accession number CAB40398), and the mouse homologues of teneurin-1 (mten-m1, GenBank accession number BAA77397), teneurin-2 (mten-m2, GenBank accession number BAA77398) and teneurin-3 (mten-m3, GenBank accession number BAA77936) are included for comparison. Identical amino acids are highlighted blue; similar amino acids are highlighted yellow. The percentage amino acid identity and similarity are indicated at the bottom right. Gaps in the sequences introduced by the alignment program to maximize ®ts are indicated by dashes; asterisks indicate the removal of two to four residues to maximize ®t. reaction product trapped in the neural retina. This reaction product could be readily distinguished from the teneurin-4 hybridization signal in the frozen sections through the eye (e.g. Fig. 3F) . A faint hybridization signal with the teneurin-4 probe was seen in the anterodistal limb at stage 30, but not at stage 32.
Our results indicate that teneurin-4, like the Drosophila teneurin ten-m, is expressed both in the developing nervous system and in non-neuronal tissues during pattern formation.
Material and methods
A 435-bp piece of chicken teneurin-4 (pTen4a) was ampli®ed using primers derived from the mouse DOC4/ ten-m4 sequence using two consecutive nested PCR reactions on a cDNA library prepared from 11-day chicken embryo brain mRNA (Zap Express cDNA/Gigapack Cloning Kit; Stratagene). The ®rst primer set was 5
H and the second one 5
H . In order to obtain a longer cDNA consisting entirely of chicken sequence a further set of PCR reactions was performed based on the sequence data from pTen4a as the 3 H primers in combination with vector based primers of the cDNA library. The ®rst primer set was M13 and 5 H -AGACACAGCGCACCATACTGC 3
H and the second one T7 and 5 H -GCTGGATGTCCGTGTAACGCC-3 H . This approach yielded cDNA clone pTen4b with a length of 604 bp. This clone was used to label a probe for in situ hybridization (see below). Joining the two teneurin-4 sequences results in a partial sequence of chicken teneurin-4 of 834 bp encoding 278 amino acids. This sequence has been submitted to the DDB/EMBL/GenBank databases under Accession number AJ293019.
Chicken embryos at stages 8±11, 13±14, 19±21, 23±27 . Whole-mount in situ hybridization was carried out using techniques modi®ed from the protocol of Wilkinson and Nieto (1993) . Controls included embryos hybridized with probes to ten-1 (teneurin-1; Minet et al., 1999) and sense sequences, as well as embryos processed with antidigoxigenin without RNA probes. 
